Background: A non-catalytic vitamin B 6 biosynthesis protein (PDX1.2) exists in plants, but its role is unknown. Results: PDX1.2 interacts with its catalytic counterparts, enhancing their activity and forming a dodecameric complex induced under abiotic stress. Conclusion: PDX1.2 is a pesudoenzyme that regulates vitamin B 6 biosynthesis under abiotic stress. Significance: This work presents a model for regulation of vitamin B 6 biosynthesis and the existence/significance of pseudoenzymes in plants.
Vitamin B 6 is an indispensable compound for survival, well known as a cofactor for numerous central metabolic enzymes and more recently for playing a role in several stress responses, particularly in association with oxidative stress. Regulatory aspects for the use of the vitamin in these roles are not known. Here we show that certain plants carry a pseudoenzyme (PDX1.2), which is involved in regulating vitamin B 6 biosynthesis de novo under stress conditions. Specifically, we demonstrate that Arabidopsis PDX1.2 enhances the activity of its catalytic paralogs by forming a heterododecameric complex. PDX1.2 is strongly induced by heat as well as singlet oxygen stress, concomitant with an enhancement of vitamin B 6 production. Analysis of pdx1.2 knockdown lines demonstrates that boosting vitamin B 6 content is dependent on PDX1.2, revealing that this pseudoenzyme acts as a positive regulator of vitamin B 6 biosynthesis during such stress conditions in plants.
All organisms require vitamin B 6 because it is an essential cofactor in its form as pyridoxal 5Ј-phosphate (PLP) 3 for more than 140 metabolic enzymes related primarily to amino acid as well as glucose and lipid metabolism. Whereas humans must take the vitamin in their diet, microorganisms and plants perform biosynthesis de novo of vitamin B 6 . Two exclusive biosynthesis pathways are now known to exist (1, 2) . In most organisms, biosynthesis de novo involves only two enzymes, PDX1 and PDX2 (1, (3) (4) (5) , whereas a seven-enzyme pathway is employed by Escherichia coli and a few other microorganisms (reviewed in Ref. 2) . In bacteria, PDX1 and PDX2 form an ornate 24-subunit complex displaying glutamine amidotrans-ferase activity for the direct production of PLP from three substrates, ribose 5-phosphate (R5P), glyceraldehyde 3-phosphate, and glutamine (6 -9) . PDX1 acts as the synthase with a remarkable polymorphic catalytic ability, culminating in the production of PLP, while PDX2 is the glutaminase that supplies ammonia for transfer to PDX1 (6, 7, 10, 11) . In the course of unraveling the molecular details of this pathway, several investigations revealed a relationship between vitamin B 6 and cellular stress responses (1, 4, (12) (13) (14) (15) (16) (17) . The demonstration in vitro that vitamin B 6 is a potent antioxidant served to propagate an unrecognized function of this vitamin and its ability to quench reactive oxygen species, singlet oxygen in particular (1, 4, 18) . It is noteworthy that several forms of the vitamin coexist, namely pyridoxine, pyridoxal, pyridoxamine, and their respective phosphorylated derivatives as well as glycosylated forms (19) . Although PLP is the cofactor form of the vitamin, it is not known if the other forms that are present in relative abundance (20 -22) and at levels equivalent to other antioxidants (e.g. glutathione) (20) perform independent functions related to the response to stress. Indeed, insight into the regulatory mechanisms behind the use of the vitamin as a cofactor or antioxidant is currently not available.
As a result of the genomic era, it is becoming increasingly apparent that several enzyme families can include inactive homologs (23) . A characteristic of several such homologs is that it is precisely the residues known to be required for catalysis that are not conserved. Although many of these non-active or assumed dead enzymes have been overlooked, it is now emerging that these proteins may function as biological regulators. Notably, the corresponding genes are expressed, distinguishing them from pseudogenes, and they have instead become known as pseudoenzymes (24) . Important examples from humans related to kinases, proteases, and ubiquitin-conjugating enzymes have been illustrated recently (25) . In this context, it is intriguing that such a seemingly inactive homolog of PDX1 (annotated as PDX1.2 in Arabidopsis) is present among its catalytic counterparts in certain plant species. Moreover, this paralog is known to interact and form complexes with its catalytic paralogs (26, 27) . However, the precise nature of these complexes and whether PDX1.2 has any function have remained elusive to date.
Although PDX1.2 homologs are highly conserved with their catalytic counterparts (13) , we have noted that they form a distinct group that harbor the characteristics of pseudoenzymes. In this study, we report a detailed characterization of PDX1.2 from Arabidopsis and show that it forms a heterododecameric protein complex with its catalytically competent paralogs. Surprisingly, complexation with PDX1.2 substantially increases the rate of vitamin B 6 biosynthesis. In vitro studies indicate that modification of a single alanine residue at the N terminus of PDX1.2 may play a role in the modulation of the catalytic activity. Furthermore, although the PDX1.2 transcript is present at very low levels (13) and not detectable at the protein level under normal growth conditions, it is strongly up-regulated upon heat stress, in particular, as well as singlet oxygen stress in Arabidopsis concomitant with an increase in vitamin B 6 production. This feature is not observed in pdx1.2 knockdown lines, demonstrating that PDX1.2 is a positive regulator of vitamin B 6 biosynthesis, most likely for its use as an antioxidant under such abiotic stress conditions, and thereby uncovering the presence of an intriguing class of pseudoenzymes in plants.
EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Homomeric and
Heteromeric Protein Complexes-The constructs pET-PDX1.1, pET-PDX1.2, and pET-PDX1.3 described previously (28) were used in this study. Site-directed mutagenesis to generate native versions of PDX1.1 and PDX1.3 by adding a stop codon at the end of each sequence was carried out using the QuikChange XL site-directed mutagenesis kit (Stratagene). The respective forward and reverse oligonucleotides used for mutagenesis were as follows: 5Ј-GCTAGTCGTTCTGAGTAACTCGAG-CACCACCAC-3Ј and 5Ј-GTGGTGGTGCTCGAGTTA-C-TCAGAACGACTAGC-3Ј for PDX1.1; 5Ј-GCTAATCGCT-CCGAGTGACTCGAGCACCACCACC-3Ј and 5Ј-GGTG-GTGGTGCTCGAG-TCACTCGGAGCGATTAGC-3Ј for PDX1.3. The mutant PDX1.2 A2P was generated using the QuikChange XL site-directed mutagenesis kit (Stratagene) using 5Ј-GAAGGAGATATACATATGCCGGATCAAGCT-ATGACG-3Ј and 5Ј-CGTCATAGCTTGATCCGGCATATG-TATATCTCCTTC-3Ј as forward and reverse oligonucleotides, respectively, and with pET-PDX1.2 as a template. For coexpression experiments, E. coli strain BL21 or BL21-RIL was first transformed with pET-PDX1.2 or pET-PDX1.2 A2P. Independent transformants were then made chemically competent for co-transformation with PDX1.1 (BL21) or PDX-1.3 (BL21-RIL). Expression was induced by the addition of 0.2 mM isopropyl-1-␤-galactopyranoside, followed by growth for 6 h at 28°C. The proteins were purified by Ni-NTA chromatography (Qiagen) using the nondenaturing protocol described by the manufacturer in the presence of 1 mM phenylmethylsulfonyl fluoride and 5 mM dithiothreitol. The purification was monitored by SDS-PAGE on 15% polyacrylamide gels and staining with Coomassie Blue. The concentration of protein was determined by the method of Bradford using bovine serum albumin as a standard (29) .
Size Exclusion Chromatography and Multiangle Light Scat-
tering Experiments-PDX1 complexes (100 l at 1 mg/ml) were first separated by size exclusion chromatography on a Superdex 200 10/300 GL column (GE Healthcare) using 50 mM potassium phosphate, pH 7.5, containing 50 mM potassium chloride and 0.01% sodium azide. A miniDAWN TREOS light scattering instrument (Wyatt Technologies) was connected immediately downstream of the separation media for light scattering analysis. The data were analyzed using the software ASTRA (Wyatt Technologies). Absorption coefficients used for the calculation of the weight average molecular mass for the different enzymes and complexes were as follows: 224 ml g Ϫ1 cm Ϫ1 for PDX1. Enzyme Assays-The rate of glutaminase hydrolysis by PDX2 was measured as described previously (7, 30) by following the absorbance at 363 nm in 96-well plates. For determination of the kinetic constants, a 4 M concentration of each enzyme was used. The PLP biosynthetic activity of PDX1 complexes was monitored by UV-visible spectrophotometry in 96-well plates, where the appearance of a maximum at 414 nm indicated enzymatic formation of PLP (7) . Reactions were carried out using 20 M catalytic protein and 20 mM ammonium sulfate (7) .
Plant Material, RNA Extraction, and Quantitative Real-time RT-PCR (qPCR) Analysis-The conditional flu mutant (31) was kindly donated by Klaus Apel (Cornell University, Ithaca, NY). The RNAi constructs used to generate the PDX1.2 knockdown lines targeted the unique nucleotide sequence at the N terminus of the gene, composed of a sense and an antisense fragment (bp 3-460 and bp 3-303, respectively) amplified from the cDNA sequence of PDX1.2. For the sense sequence, the oligonucleotides 5Ј-CATGCCATGGGGCGGATCAAGCTA-TGACG-3Ј (forward) and 5Ј-GCACTAGTCTCCTGTATCA-CGGCAACC-3Ј (reverse) were used, incorporating SpeI and NcoI restriction sites as indicated in italic type. The antisense fragment was amplified using 5Ј-GCACTAGTCGTGCCATC-ACAGGTACAG-3Ј and 5Ј-CAGGGTAACCGGCGGATCAA-GCTATGACG-3Ј as forward and reverse primers as well as introducing a SpeI and a BstEII restriction site, respectively. The two fragments were separated by a linker sequence (ACT-AGT), allowing the formation of a hairpin structure, and cloned in the binary vector pCAMBIA2301 for plant expression. The construct was transformed either into Arabidopsis wild-type or the Arabidopsis flu mutant line through Agrobacterium tumef-aciens-mediated transformation by the floral dip method (32) . Homozygous lines carrying a single copy of the construct were selected using the respective antibiotic, and independent lines displaying the lowest levels of PDX1.2 expression, as analyzed by qPCR, were used for further analyses. All plant lines were cultivated on half-strength MS medium without vitamins (33) containing 0.8% agar and 1% sucrose under continuous light (120 mol photons m Ϫ2 s Ϫ1 ) and at 22°C. For the flu mutant experiments, 10 -12-day-old seedlings were either transferred to darkness for 8 h and afterward transferred back to light (D-L-shift) or left to grow in continuous light (LL). For the heat stress experiments, 7-day-old seedlings were subjected to 45°C for the indicated time periods and then transferred back to 22°C, employing a plant growth chamber from Percival (model I-30BL4/D). Samples (100 mg) for qPCR and vitamin B 6 content were harvested either before or after the stress treatment at the indicated time points. The survival rate was measured 5 days after the seedlings were returned to 22°C by scoring (n ϭ 100, 3-4 biological replicates of each line). Total RNA was extracted using the Nucleospin RNA kit from Macherey-Nagel and was reverse transcribed with SuperScript TM II RNaseH Ϫ , using oligo(dT) primers 12-18 according to the manufacturer's recommendations (Invitrogen) starting with 2 g of total RNA for the synthesis. qPCR was performed using SYBR Green (Power Sybr Green PCR master mix, Applied Biosystems) with a 7900HT Fast Real-Time PCR System (Applied Biosystems). The GAPDH gene (At1g13440) was employed as a control with forward and reverse oligonucleotides: 5Ј-TTGGTGAC-AACAGGTCAAGCA-3Ј and 3Ј-AAACTTGTCGCTCAATGC-AATC-5Ј, respectively. All values were normalized to the time 0 values, which were set to 1. The oligonucleotides used for amplification of the PDX1 genes were as follows: PDX1.1, 5Ј-GGGAGG-TTACCGGTGG-3Ј (forward) and 5Ј-CCTTAGCCCTCTTC-ACC-3Ј (reverse); PDX1.2, 5Ј-GATGCAGCTAGGTTGTGA-TGG-3Ј (forward) and 5Ј-TCCATTGCATTCTCCAATCC-3Ј (reverse); PDX1.3, 5Ј-GGTCGTCTTCCTGTAGTC-3Ј (forward) and 5Ј-CACGTGCACGACGAGCT-3Ј (reverse).
Determination of Vitamin B 6 -Plant material taken from flu seedlings 10 -12 days after germination following a DL-shift was used for determining the levels of vitamin B 6 by HPLC as described (22) . Briefly, ϳ100 mg of tissue was ground to a powder and resuspended in 200 l of 50 mM ammonium acetate buffer, pH 4.0. After centrifugation for 20 min at 11,000 ϫ g, the supernatant was heated at 100°C for 3 min, left to cool down to room temperature (22-24°C), and centrifuged at 11,000 ϫ g for 10 min. The resulting supernatant was used for analysis of vitamin B 6 on an Agilent Technologies 1200 Series HPLC system using a Sunfire TM C18 reverse phase column (3.5 M, 4.6 ϫ 150 mm; Waters). The vitamin B 6 content of the plant material generated in the heat stress experiments was measured using a microbiological assay as described previously (16) .
RESULTS
PDX1.2 Displays the Hallmarks of a Pseudoenzyme-
Whereas bacteria have only one homolog of PDX1 and PDX2, yeast, certain fungi and plants can have several copies of PDX1 in particular (based on a BLAST search). The extensive structural and biochemical analyses that have been completed on PDX1 in recent years have facilitated the annotation of essential catalytic residues (8, 9, 11, 30, 34 -36) . Notably, PDX1 has two active sites annotated as P1 and P2 (8, 9) corresponding to the binding sites of bound substrates or products ( Fig. 1A) . Key catalytic residues include the lysine and aspartate residues of the R5P binding site (site P1) as well as the lysine residue that coordinates the product PLP (site P2) ( Fig. 1 , A and C). In this context, a closer look at those organisms that carry several copies of PDX1 allowed us to predict those expected to be catalytically active (where not already functionally characterized). Interestingly, we noted that homologs are found in certain plant species (but not in lower organisms), in which it is predominantly the catalytic residues that are not conserved. Indeed, similar to an earlier study on the Arabidopsis PDX1 homologs (13), a phylogenetic analysis of currently sequenced genomes from plant species established that these non-catalytic homologs form a distinct subfamily within the family of PDX1s (Fig. 2, red lines) . For example, members of the Brassicaceae (e.g. Arabidopsis, At3g16050), Euphorbiaceae (cassava 4.1_034454m), and Salicaceae (e.g. poplar, POPTR_0001s18240), among others, harbor such "dead" enzymes ( Fig. 2 ). Intriguingly, it emerged from this analysis that the monocot species analyzed only carry active homologs (e.g. Oryza sativa (rice) has three homologs, each of which harbor the catalytic residues) ( Fig. 2, green lines) . On the other hand, notable exceptions within the eudicota are Glycine max (soybean) and Phaseolus vulgaris (common bean), which have two and one PDX1 homolog, respectively, all predicted to be active ( Fig. 2 ). Because this non-catalytic homolog appears to be exclusive to the plant lineage, this could represent a case of neofunctionalization, whereby this subfamily functionally diverged from its catalytic counterparts. Because the Arabidopsis non-catalytic homolog has been annotated as PDX1.2, we will use this notation for this subfamily from here on, and we focus on a characterization of Arabidopsis PDX1.2, in particular. A comparison of the predicted structure of the Arabidopsis PDX1.2 with the known structure of a bacterial homolog (8) indicates that the overall fold of the protein is likely to be preserved but highlights the non-conservation of catalytic residues ( Fig. 1B) . We have previously demonstrated that although Arabidopsis PDX1.2 is expressed, it is not catalytic in vitamin B 6 biosynthesis (11, 28) . However, it is important to note that PDX1.2 has the same subcellular localization (i.e. cytosolic) as its catalytic paralogs (28) . Strikingly, the above features are all hallmarks of the newly defined class of proteins referred to as pseudoenzymes (24) .
PDX1.2 Forms a Stable Dodecameric Heterocomplex with either PDX1.1 or PDX1.3-Given the emerging importance of pseudoenzymes (25), we were intrigued to define the functionality of PDX1.2. Previous observations based on yeast two-hybrid and split YFP data indicated that the Arabidopsis PDX1 proteins can form heteromers, but the nature of these complexes and a physiological reason for their existence were not established (26, 27) . Therefore, we were prompted to investigate the PDX1 proteins in more detail and our own hypothesis concerning the possible function of PDX1.2 as a regulator of vitamin B 6 biosynthesis. In an attempt to independently confirm that PDX1.2 can interact with the two other paralogs (PDX1.1 and PDX1.3) as shown previously by Leuendorf et al. (26) , we co-expressed and purified the recombinant proteins. For this analysis, PDX1.2 was expressed with a C-terminal polyhistidine affinity tag, whereas PDX1.1 and PDX1.3 were expressed without a tag. Co-expression of PDX1.2 with either PDX1.1 or PDX1.3 followed by nickel nitrilotriacetic acid (Ni-NTA) chromatography led to the co-elution of either of the respective untagged PDX1 paralogs with PDX1.2 (i.e. the heterocomplexes PDX1.1-PDX1.2 and PDX1.3-PDX1.2) ( Fig. 3A) . Fortunately, the lower mobility of PDX1.2 on SDS-PAGE enabled us to distinguish this protein from the two catalytic paralogs (Fig. 3A ) and confirmed an interaction between PDX1.2 and either PDX1.1 or PDX1.3. It is noteworthy that, at least in our hands, mixing of the individual purified proteins did not lead to the formation of heteromeric complexes; coexpres-sion was necessary. This point is relevant in that PDX1.2 is of much lower abundance than either PDX1.1 or PDX1.3 under normal growth conditions in Arabidopsis (13, 17) , and we explore it further under "Discussion." PDX1 from different sources appears to exist as combinations of hexamers. In particular, bacterial homologs exist in a hexameric-dodecameric equilibrium, the yeast homolog SNZ1 as a hexamer, and there is evidence that Plasmodium falciparum PDX1 can form fibers or a cylinder of hexamers (8, 35, 37, 38) . However, although size exclusion chromatography has been performed on Arabidopsis plant extracts ectopically expressing the individual PDX1s, indicating higher order complexes (26) , the precise oligomeric state of a plant homolog has not been determined. With the Arabidopsis heteromeric and homomeric com- plexes in hand, it was therefore of interest to determine the oligomeric nature of these complexes. This analysis was carried out employing size exclusion chromatography coupled to static light scattering. Interestingly, the determined sizes of the PDX1.1-PDX1.2 (383,000 Ϯ 1000 Da) and the PDX1.3-PDX1.2 (370,000 Ϯ 10,000 Da) heterocomplexes closely corresponded to the expected size of a dodecamer (395,000 -419,000 Da) (Fig. 3B , black and gray traces, respectively). The estimated sizes of the homomeric PDX1.1 or PDX1.2 complexes (369,000 Ϯ 1000 and 410,000 Ϯ 2000 Da) also closely correspond to a dodecameric state (expected sizes 395,000 and 419,000, respectively) ( Fig. 3C , black and dark gray traces, respectively). Although the dodecamer form of the homomeric proteins was anticipated, the finding of a dodecamer for both of the heteromeric (i.e. PDX1.1-PDX1.2 and PDX1.3-PDX1.2) complexes is intriguing. Moreover, we noted that the retention time of PDX1.3 alone, although approaching a dodecamer (expected size 411,000 Da) was longer than for the other paralogs, with a broad trailing shoulder ( Fig. 3C , light gray trace). This asymmetric peak is indicative that PDX1.3 is less stable than the two other paralogs under the conditions used. Interestingly, in the presence of PDX1.2, the peak of the heterocomplex is symmetric and monodisperse ( Fig. 3B ), corresponding to a dodecamer, suggesting that PDX1.3 is more stable in the presence of PDX1.2 under these conditions. PDX1.2 Positively Affects the Catalytic Activity of PDX1.1 and PDX1.3-We next compared the enzymatic activity of the heteromeric versus the homomeric complexed proteins for the formation of PLP. In the first instance, the relative amount of the catalytic protein (i.e. PDX1.1 or PDX1.3) in the respective heterocomplexes was estimated by a semiquantitative analysis employing ESI-MS ( Fig. 4 ). In this context, it is important to know that at least in the case of the Bacillus subtilis PDX1 homolog, intermediates between the protein and substrates/ products along the multistep reaction coordinate have been observed by mass spectrometry (30) and corroborated by absorbance spectrophotometry and nuclear magnetic resonance spectroscopy studies (7, 30, 39 -41) . Indeed, the latter recombinant protein as isolated is a heterogeneous population of the apoprotein as well as some of these intermediates. It could be concluded from these studies that one of the first steps in the formation of PLP is the binding of the R5P substrate in the P1 active site of PDX1, leading to the formation of a Schiff's base between an internal lysine in PDX1 and R5P. This intermediate can be observed by ESI-MS as a peak with an additional mass of 212 Da compared with that of the apoprotein (30) . Furthermore, another intermediate subsequent to the Schiff's base formation and resulting from the loss of water and phosphate is the so-called chromophoric adduct (30) , which displays an ESI-MS peak with an additional mass of 95 Da compared with the apoprotein. Both of these reaction intermediate peaks can be observed with the Arabidopsis PDX1.1 and PDX1.3 proteins but not with PDX1.2 (Fig. 4, A and B) . Co-purification of the heterocomplexes was done in triplicate, resulting in similar observations each time. Based on the total height of the ESI-MS peaks corresponding to the masses of the respective proteins, the stoichiometric ratios calculated for the heterocomplexes could be calculated as 1.45 Ϯ 0.04:1 for PDX1.1/PDX1.2 and 0.44 Ϯ 0.01:1 for PDX1.3/PDX1.2 (Fig. 4, A and B) . Notably, the total peak height corresponding to apo and intermediate forms of PDX1.1 and PDX1.3 was used to calculate these ratios. If however, only the apoprotein heights are used, the ratio is 0.93 Ϯ 0.05:1 for PDX1.1/PDX1.2 and 0.28 Ϯ 0.02:1 for PDX1.3/PDX1.2. We used the stoichiometric ratio based on total peak height to estimate the enzymatic activities below. PDX1 is essential for induction of glutaminase activity in PDX2 resulting from a conformational change in the PDX2 active site coordinated by its interaction with PDX1 (8). The ability of PDX1.1 and PDX1.3 to initiate the glutaminase activity of PDX2 was monitored by the addition of a stoichiometric amount of catalytic PDX1 protein (i.e. an equal amount of either PDX1.1 or PDX1.3 within the heterocomplex based on the calculated ratios as described above) to PDX2 (4 M). Both PDX1.1 and PDX1.3 were able to activate the glutaminase activity of PDX2 to a similar extent, independently of their complexation with PDX1.2 ( Table 1 and Fig. 5A ). Because PDX2 has been shown not to interact with PDX1.2 (11, 27) , this validates the mass spectrometric quantitation of the amount of catalytic PDX1 present in the heteromeric complexes. Moreover, it demonstrates that the complexation of PDX1.2 with either PDX1.1 or PDX1.3 does not affect their interaction with PDX2 or its activity. The effect of PDX1.2 on the glutaminase activity of PDX2 was assessed as a control, and no activity was observed ( Fig. 5A ), corroborating our previous analyses (11) . However, the kinetic parameters for PLP formation with the catalytic PDX1 proteins changed significantly in the presence of PDX1.2. Notably, the k cat for PLP biosynthesis increased 1.8fold when PDX1.2 was bound to PDX1.3, whereas a 1.3-fold change was observed when PDX1.2 was complexed with PDX1.1 (Fig. 5, B and C, and Table 2 ). Interestingly, a considerable decrease in the K m for R5P was observed for the two heterocomplexes compared with the homomeric proteins alone. No significant change was observed in the K m for the second substrate, glyceraldehyde 3-phosphate (Table 2) . Overall, this leads to a 5-fold increase in the specificity constant (k cat /K m ) for R5P, in particular, in the case of the PDX1.1-PDX1.2 heterocomplex and a 9-fold increase for the PDX1.3-PDX1.2 heterocomplex ( Table 2 ).
In Vitro Evidence that an N-terminal Modification in PDX1.2 Contributes to Enhancing PDX1 Catalytic Activity-In all ESI-MS experiments of PDX1.2, in addition to the peak (34,771.3 Da) corresponding to the expected mass of the protein (34,769.47 Da), an extra peak with an additional mass of ϳ42 Da was observed (34,813.3 Da), whereas no such peak was detected for PDX1.1 and PDX1.3 (Fig. 4) . To localize the site of modification of PDX1.2, a tryptic digest of the protein followed by MALDI-TOF mass spectrometry analysis was performed. The peptide masses observed covered 85% of the whole protein sequence with the N-terminal peptide carrying the extra mass of 42 Da (Fig. 6A ). MALDI-TOF/TOF tandem mass spectrometry confirmed that it is the N-terminal peptide of PDX1.2 (ADQAMTDQDQGAVTLYSGTAITDAK) that carries the additional mass of 42 Da (Fig. 6, B and C) . A comparison of the unmodified (m/z 2571. 19 ) and modified precursor ions (m/z 2613.2) yielded a b-fragmentation pattern clearly identifying AMTD, which is unique to this peptide within the protein sequence (Fig. 6, B and C) . Because the observed b-fragmentation pattern of the modified peptide already carries the additional mass, it must be assumed that a residue on or preceding MARCH 21, 2014 • VOLUME 289 • NUMBER 12
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Ala-5 has the modification. It is important to note that the N-terminal methionine is cleaved off of this protein. Site-directed mutagenesis of the terminal alanine (Ala 2 ) residue to a proline and ESI-MS of the resulting protein revealed only a single peak (34,795.5 Da) corresponding to the expected mass of the unmodified protein (34795.5 Da). No peak with an additional mass of 42 Da was observed with this PDX1.2 A2P mutein, corroborating that it is the N-terminal alanine residue that is modified (Fig. 7A) . Notably, PDX1.1 also has an alanine residue at the N terminus, but it is not modified (Fig. 4 ). An additional mass of 42 Da could correspond to either acetylation or trimethylation, two well established protein modifications (42) . N-terminal acetylation is one of the most common modifications occurring in cytosolic eukaryotic proteins (up to 98% (43)). In particular, proteins in which the terminal methionine has been processed, exposing an alanine residue, are prone to this modification (44, 45) . Although this modification is rare in prokaryotic proteins, it has been shown to occur during production of eukaryotic recombinant proteins in E. coli and, moreover, was proven to be relevant to functionality in its normal host (46) . It is noteworthy that trimethylation of the terminal alanine residue can also occur but is rare and has mainly been observed on ribosomal proteins (47) . Therefore, because PDX1.2 is of extremely low abundance in Arabidopsis under normal growth conditions (13, 17) , we thought it worthwhile to probe this modification in more detail with the recombinant protein. First, co-transformation, expression, and purification of the PDX1.2 A2P mutein with either PDX1.1 or PDX1.3 resulted in the co-elution of either PDX1.1 or PDX1.3 with PDX1.2 A2P, as had been observed with the wild-type PDX1.2 protein (Fig. 7B) . Notably, size exclusion chromatography coupled to static light scattering established that both PDX1.1-PDX1.2 A2P and the PDX1.3-PDX1.2 A2P heterocomplexes are dodecameric species (Fig. 7C , black and gray traces, respectively). Next, we estimated the enzymatic activity for the formation of PLP by the heteromeric complexes, each time adding an equivalent amount of catalytic protein based on the ratios estimated from mass spectrometry, as for the wild-type proteins. In the presence of PDX1.2 A2P, the k cat for PLP formation by either PDX1.1 or PDX1.3 was similar to that of the individual homomeric enzymes and did not reach the levels observed in the presence of wild-type PDX1.2 ( Table 2) . Although a decrease in the K m value for R5P was still observed for both PDX1.1 and PDX1.3 in the presence of PDX1.2 A2P, it was to a lesser extent than that observed with wild-type PDX1.2 ( Table  2) . No effect on the K m for glyceraldehyde 3-phosphate was observed ( Table 2) , and moreover, no change in glutaminase activity was observed for PDX1.2 A2P complexed with either PDX1.1 or PDX1.3, compared with the wild-type enzyme complex (data not shown). Therefore, it appears that the modified form of PDX1.2 at least contributes to the enhanced kinetics observed for the catalytic PDX1s. It is noteworthy that the observed modified form of PDX1.2 represents only a small fraction of this protein as produced in E. coli (Fig. 4) . Thus, the catalytic effect may be much greater in planta, if a larger fraction of the PDX1.2 is present in the modified form. The enhancement in PDX1 kinetics may also have a contribution from the stabilizing effect of PDX1.2 because a dodecameric complex is still formed with the PDX1.2 A2P mutein (Fig. 7C) , possibly accounting for the incomplete reversion of the K m to that observed with the catalytic PDX1 homomeric complexes. Up-regulation of PDX1.2 under Oxidative Stress Conditions Concomitant with an Increase in Vitamin B 6 Levels-As mentioned above, vitamin B 6 has been implicated as an antioxidant with a particular potency against singlet oxygen (1, 4, 15, 18, 48) . This, together with the observation that PDX1.2 is the most sensitive PDX1 paralog to oxidative stress (13) , prompted us to investigate the expression of the three PDX1 paralogs in Arabidopsis after a burst of singlet oxygen. For these studies, we made use of the Arabidopsis conditional fluorescent (flu) mutant (31) . The FLU gene codes for a negative regulator of chlorophyll biosynthesis and is particularly related to the step involving conversion of the chlorophyll precursor protochlorophyllide (Pchlide) to chlorophyllide. The latter step is light-dependent such that in dark-grown plants, chlorophyll biosynthesis is inhibited after reaching a critical level of Pchlide. The flu mutant lacks this regulation step and therefore accumulates Pchlide when grown in the dark (31, 49) . Because the Pchlide molecule is a photosensitizer, upon shifting plants incubated in the dark to the light, a burst of singlet oxygen is observed (31) . A long incubation in the dark (e.g. 8 h) results in a build-up of Pchlide in the flu mutant, which causes singlet oxygen to be produced in excessive amounts when this mutant is switched back to light (49) . We analyzed the abundance of the three PDX1 genes over a 24-h period in 12-day-old seedlings of the flu mutant using qPCR following an 8-h incubation in the dark followed by a shift to light (referred to as DL-shift) (Fig. 8A) . The flu mutant grown under continuous light (LL) was used as a control (Fig. 8B) . Interestingly, we observed an up-regulation of the PDX1.2 transcript (ϳ2.5-fold) already 1 h after the DLshift in the flu mutant, whereas no significant change was observed for PDX1.1 or PDX1.3 (Fig. 8A) . Notably, this peak was transient because it decreased to basal levels 2-6 h after the DL-shift. No corresponding change in abundance was observed in the seedlings grown under continuous light (Fig. 8B) . The level of vitamin B 6 was also measured and increased 2 h after the DL-shift but then returned to basal levels (Fig. 8D) , whereas no significant change was observed with plants grown under continuous light (Fig. 8E ). In addition, we generated a knockdown line of PDX1.2 by RNA interference in the flu background. We measured the vitamin B 6 level in two independent lines that had a considerably lower level of expression of PDX1.2 compared with the flu mutant alone (Fig. 8C) . No change in the expression of either PDX1.1 or PDX1.3 was observed in these lines (data not shown). Neither of the two double mutant lines (i.e. flu pdx1.2) showed the transient increase in vitamin B 6 content that is observed with the flu mutant alone (Fig. 8, D and E) . We have noted that the total vitamin B 6 content is higher in plants grown under continuous light compared with plants subjected to the DL-shift ( Fig. 8, compare D and E) , indicating that vitamin production may occur more efficiently during the light period, compared with a dark period. This latter result is corroborated by the previously observed light induction of PDX1.1 and PDX1.3 (17) .
PDX1.2 Expression Is Rapidly and Strongly Up-regulated upon Heat Stress in Arabidopsis-
Whereas the response to singlet oxygen was rather subtle, we probed for other stress conditions that may influence PDX1.2 expression. During the course of these studies, we observed a particularly dramatic response of PDX1.2 to heat stress. Specifically, exposure of Arabidopsis seedlings to 45°C for up to 120 min increased PDX1.2 expression ϳ100-fold (Fig. 9A) . Notably, this increase was observed already after 15 min of exposure to heat stress (Fig.  9A) . This is a level of induction similar to that seen in heatshock proteins (50) . There was no significant change in the expression of PDX1.1 or PDX1.3 upon the same treatment (Fig.  9B) . Moreover, the level of vitamin B 6 increased almost 2-fold in these seedlings compared with the control (Fig. 9C ). Plant lines knocked down in the expression of PDX1.2 (Fig. 9D ) generated by RNA interference (as for the flu mutant background above) did not show a similar increase in vitamin B 6 levels under the same conditions (Fig. 9C ). The lack of correlation between the dramatic increase in PDX1.2 transcript and subtle increase in total vitamin B 6 content at the seedling level leads us to hypothesize that the response is local to the area affected by exposure to heat and thus is diluted upon analysis of the entire seedling. Nonetheless, the pdx1.2 mutant lines are more sensitive to heat stress than wild-type under the same conditions, because less survived upon exposure to heat stress (45°C for 120 min) compared with wild type (Fig. 9E ).
DISCUSSION
It is becoming increasingly clear that previously assumed "dead" enzymes (i.e. expressed but unable to catalyze a chemical reaction) are gainfully employed in organisms, many of which may have important regulatory functions. In this study, we provide unequivocal evidence for the existence of a pseudoenzyme (PDX1.2) in certain plant species that regulates vitamin B 6 biosynthesis. The use of vitamin B 6 both as a cofactor for numerous metabolic enzymes and as an antioxidant would appear to justify the need for such regulation. We show that the expression of the non-catalytic PDX1.2 is strongly up-regulated under heat stress as well as under singlet oxygen stress, whereas its catalytic paralogs are not. Indeed, the rapid induction of PDX1.2 expression parallels the response observed with heatshock proteins under similar conditions (50) . The time course of PDX1.2 expression is concomitant with an increase in vita- 1 and 2, respectively) . C, size exclusion chromatography coupled to static light scattering analysis of the heteromeric complexes of PDX1.1-PDX1.2 A2P (black line) and PDX1.3-PDX1.2 A2P (gray line) reveals a predominant peak in each case, which corresponds to their respective dodecameric forms. The molar mass and the UV absorbance were plotted in an elution volume-dependent manner. min B 6 levels that is abolished in its absence, providing indirect evidence that PDX1.2 is associated with this response in plants. Isolation of the recombinant PDX1 protein heterocomplexes and demonstration of an enhancement in vitamin B 6 production in the presence of PDX1.2 corroborate this statement. Moreover, we provide evidence that modification of an N-terminal amino acid of PDX1.2 may be involved in mediating the response.
The mechanism behind the functionality of PDX1.2 as a positive regulator of vitamin B 6 biosynthesis under the conditions tested is of paramount importance, given that it may be specific to conditions of abiotic stress. Here we show that PDX1.2 can form heteromeric complexes with PDX1.1 and PDX1.3 in vitro. This corroborates previous yeast two-hybrid and split YFP analyses that demonstrated interaction in vivo but did not determine the nature of the interaction and the physiological relevance (26, 27) . Significantly, we demonstrate that PDX1.2 enhances the specificity constant for R5P in particular, pinpointing its mechanism of action to the early steps of the reaction coordinate of PLP biosynthesis (30) . Intriguingly, the PDX1.2 heterocomplexes with either PDX1.1 or PDX1.3 are dodecameric. However, the positive effect on catalysis observed in the presence of PDX1.2 is more pronounced with PDX1.3 than PDX1.1. In this context, an important observation is that PDX1.3 is apparently unstable while in a homomeric complex, but a stable dodecamer is formed with PDX1.2 (Fig. 3 ). All PDX1 homologs that have been studied exhibit at least a hexameric architecture, with the majority having been shown to be in a hexamer-dodecamer equilibrium (8, 37) . Although a structural determination of the precise architecture of the Arabidopsis heteromeric complexes is beyond the scope of this study, the most intuitive assembly would involve a single hexamer of each protein type in the respective dodecameric complex. Indeed, the high sequence similarity of the region required for interdigitation of the hexamers (i.e. helices ␣6, ␣6Ј, and ␣6Љ) (8, 9, 37) over the three PDX1 paralogs suggests that this region is similarly folded for PDX1.1, PDX1.2, and PDX1.3, facilitating the assembly of heterohexamers. Of course, intrahexamer assembly (i.e. monomer mixtures in a single hexamer) must also be considered. However, it has been demonstrated that the C-terminal region of the individual catalytic PDX1 subunits is essential for activity and moreover the positive cooperativity for R5P observed within the complex (34, 36) . Notably, the latter is orchestrated by the interaction of a PDX1 protomer with its neighboring protomer within a hexameric ring (i.e. in trans). Furthermore, a hexamer is required for formation of the covalent adduct with R5P (51). Because PDX1.2 does not form the latter adduct, whereas PDX1.1 and PDX1.3 do even in complex with PDX1.2 (Fig. 4) , and moreover because PDX1.2 does not show high conservation in the C-terminal region (Fig. 1C ), we are more in favor of an interhexamer (i.e. one hexamer stacks and interdigitates with the other, as shown in the scheme in Fig.  10 ) rather than an intrahexamer dodecameric assembly of the catalytic PDX1s with PDX1.2.
Although PDX1.3 has been shown to be the most abundant PDX1 in Arabidopsis (17), its level appears to be tightly regu- lated, and it cannot be overexpressed at the protein level (16) . Indeed, PDX1.3 has been found to be a ubiquitination target (52), suggesting degradation through the proteasome pathway. The interaction of PDX1.2 with PDX1.3 in vivo would represent a strategy to preserve the latter from degradation and maintain production of vitamin B 6 at a time when more is needed, such as under conditions of environmental stress. It should be noted that the pdx1.3 mutant, in particular, is highly sensitive to abi-FIGURE 9. PDX1.2 is rapidly and strongly up-regulated under heat stress conditions and is required for the concomitant increase in vitamin B 6 levels and seedling survival. A, qPCR analysis of the relative transcript levels of PDX1.2 in Arabidopsis upon exposure to heat stress at 45°C for the indicated times. Seedlings were first cultivated for 7 days under standard long day conditions (100 mol photons m Ϫ2 s Ϫ1 for 16 h at 22°C followed by 8 h of darkness at 18°C). PDX1.2 is strongly induced even after 15 min of exposure to heat stress. *, statistically significant differences for p Ͻ 0.001 (ANOVA, Tukey test) compared with the control (time 0). B, transcript abundance of PDX1.1 and PDX1.3 under the same conditions as in A. No significant differences in expression were found. C, time course of vitamin B 6 levels after exposure of 7-day-old seedlings to heat stress (90 min at 45°C). Control (unheated) samples were compared with samples taken at the end of the exposure to heat (HSϩ0h) and 2 h after the heat stress (HSϩ2h). The data are from at least three biological replicates. Error bars, S.E.; *, statistically significant differences for p Ͻ 0.01 (ANOVA, Tukey test). D, qPCR analyses of PDX1.2 expression in two independent pdx1.2 RNAi lines (L1 and L2) compared with wild-type expression. The data are the mean of three biological and three technical replicates. The levels were normalized using the levels of glyceraldehyde 3-phosphate dehydrogenase (At1g13440) as a control. Error bars, S.E.; *, significant values from a pairwise comparison (p Ͻ 0.05; ANOVA, Tukey test). E, percentage survival of pdx1.2 and wild-type seedlings after exposure to heat stress (120 min at 45°C followed by 5 days at 22°C). The data are from at least three biological replicates, each consisting of 100 seedlings. Error bars, S.E.; * and **, statistically significant differences for p Ͻ 0.05 and p Ͻ 0.01 (ANOVA, Tukey test), respectively. otic stress conditions (17, 20) . We hypothesize that this response is likely to be concentrated locally, occurring in the vicinity of damaged tissue. Future studies targeting analysis of damaged tissue will help to amplify the response and unravel the precise mechanism. PDX1.1 is likely to be similarly regulated under conditions specific to its spatial and temporal expression. Although this study and independent transcriptional analyses have shown that PDX1.2 is the most sensitive of the PDX1s to abiotic stress (13) , the response viewer program of the Arabidopsis microarray database, Genevestigator (53), further corroborates these observations. In particular, PDX1.2 is hyperresponsive to stress conditions, such as high light (induces singlet oxygen production as a result of chlorophyll excitation), ozone, boron accumulation, and heat stress (data not shown). Although PDX1.1 appears to be down-regulated under some of these conditions, PDX1.3 does not change, with the exception of heat stress where it is up-regulated. This provides support to the hypothesis that PDX1.2 serves to enhance and stabilize an already existing PDX1 complex in the cell, as depicted in Fig. 10 .
In summary, this study has opened up avenues to further unravel the role of an intriguing pesudoenzyme, PDX1.2, in Arabidopsis and establishes a model for numerous plants harboring this paralog. Moreover, this provides further support for the hypothesis on the importance of these previously assumed dead enzymes. Furthermore, the study suggests a newly established mechanism for the response of certain plants against abiotic stress, mediated by vitamin B 6 , whose role as an antioxidant has been recently reported.
